Abstract: Swiss needle cast (SNC) is a foliar disease of Douglas-fir (Pseudotsuga menziesii) caused by Phaeocryptopus gaeumannii (Rohde) Petrak. This fungus is endemic to western North America, where it has historically had little impact in native forests. However, increasing disease severity in western Oregon since the 1990s has prompted renewed interest in P. gaeumannii and SNC. For this study, we analyze multilocus microsatellite genotypes from 482 single-spore isolates from 68 trees across 14 sites in the western Coast Range of Oregon and southwestern Washington. This study assesses genotypic variation and genetic structure at several levels of population hierarchy. Despite the observation that most of the genetic variation occurred within subpopulations, our analyses detected significant differentiation at all hierarchical levels. Clustering among the 482 isolates based on genetic distance clearly supports the existence of two previously described cryptic lineages of P. gaeumannii in the western United States. The two lineages occur in varying proportions along latitudinal and longitudinal gradients in western Oregon and Washington, suggesting a relationship between climate and phylogeography. Sites near Tillamook, Oregon, where SNC is most severe, consist of sympatric subpopulations in which the two lineages comprise roughly equal proportions.
Introduction
Defoliation caused by Phaeocryptopus gaeumannii (Rohde) Petrak was first observed in Douglas-fir plantations in Europe in the 1920s and was termed "Swiss needle cast" (hereafter SNC). It was later discovered that this fungus is abundant and widespread in western North America, with herbarium specimens bearing P. gaeumannii pseudothecia collected as early as 1916 [1] . It was widely accepted that this fungus is ubiquitous throughout Douglas-fir forests in the U.S. Pacific Northwest, although it had rarely been observed to cause noticeable impacts outside of the Christmas tree industry [2] . Beginning in the mid-1980s symptoms of the disease began to emerge in the western Oregon Coast Range near Tillamook. Foresters noted chlorotic foliage, thinning crowns, and reduced height and diameter growth of Douglas-fir in timber plantations. Subsequent research identified P. gaeumannii as the most likely cause [2] . Later studies of SNC disease physiology revealed that these symptoms are caused by reduced gas exchange in the needles due to the occlusion of the stomata by ascocarps (pseudothecia) produced by this fungus. This blockage of the stomata leads to a reduction in carbon assimilation proportional to the percentage of total stomates occupied by pseudothecia [3] Abscission occurs when a needle ceases to function as a carbon source [4] . Regional SNC aerial surveys conducted annually since 1996 have documented gradual expansions in the area affected by the disease and in
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Isolation and Culturing
Needles with mature pseudothecia of P. gaeumannii were selected for ascospore isolations. Groups of six needles from each sample were attached to the lids of 100 mm styrene Petri dishes with double-sided tape and suspended above the agar surface to allow ascospore discharge. After 48-72 h, individual germinating ascospores were excised from the agar surface with the aid of flame-sterilized forceps and isolated onto 2% malt agar (MA) (Difco Laboratories, Detroit, MI, USA). Site information, tree number, and a unique isolate number were recorded for each spore. Cultures were incubated at 17˝C for 2-6 months to allow sufficient growth for DNA extraction and permanent storage.
DNA Extractions
Total genomic DNA was extracted from vegetative mycelium using the DNeasy Plant Mini Kit 250 (Qiagen, Hilden, Germany). The protocol followed the manufacturer's instructions with the addition of an initial maceration procedure. Agar plugs extracted from P. gaeumannii cultures were added to cryogenic vials with sterile 2 mm glass beads. The vials were briefly submerged in liquid nitrogen to freeze the agar plugs prior to the addition of the DNeasy extraction buffer AP1. A Mini-Beadbeater-1 (BioSpec Products, Bartlesville, OK, USA) was then used to agitate each of the vials at 5000 rpm for 60 s.
Microsatellite PCR
For each isolate, ten microsatellite loci [9] were amplified in three multiplexed PCR reactions. The multiplexed reactions contained between two and five primer sets, each with a fluorescent dye label on the reverse primer. The sequences of the primers were identical to those described in [9] but without the 18 bp M13 universal tails, resulting in shorter PCR products. The PCR reactions were performed using the Qiagen Type-It Microsatellite PCR kit, and the protocol was employed according to the manufacturer's instructions, but with reaction volumes of 12.5 µL. The amplification was performed with a PTC-200 thermal cycler (MJ Research, Inc. Waltham, MA, USA) programmed according to [9] .
Genotyping and Allele Scoring
Each of the multiplexed PCR reactions was diluted by a factor of 10 in deionized water, and 1 µL of the diluted product was submitted to the Center for Genome Research and Biocomputing (CGRB, Oregon State University, Corvallis, OR, USA) for genotyping via capillary electrophoresis on an ABI 3730 DNA Analyzer (Applied Biosystems-ThermoFisher Scientific Corporation, Waltham, MA, USA) with the GS-500ROX size standard. Allele sizes and genotypes were assigned with the aid of the ABI GeneMapper 4.0 software (Applied Biosystems-ThermoFisher Scientific Corporation) Bins were set such that samples could be identified based on their sizes and fluorescent labels, and panels were set to recognize previously reported allele size ranges [9] adjusted to account for the absence of the M13 primer tails. Microsatellite alleles were called using the standard algorithm in the GeneMapper software, and were also validated visually at each locus for each isolate.
Data Analysis
Multilocus genotypes from a total of 482 P. gaeumannii isolates were included in this study. Data formatting and analyses were performed with R version 3.2.1 [10] and GenAlEx 6.5 [11, 12] . The formatted genotypes were imported to R for use with Poppr 2.0.2 [13] . For all analyses described here, the mutlilocus genotype data were stratified in a population hierarchy, as described in [14] . Lineages were considered as the most inclusive level of this hierarchy, sampling sites were considered subpopulations within lineages, and trees were considered subpopulations within sites. Shannon-Weiner diversity (H), Stoddart and Taylor's index (G) [15] , Simpson's Index (λ) [16] , expected heterozygosity (H e , Nei's gene diversity) [17] , and genotypic richness, were compared at two levels of the population hierarchy, site and lineage. Genotypic richness was estimated as the number of expected multilocus genotypes (eMLG) in a rarefied sample size (n). These diversity parameters were chosen based on their descriptive power and utility as outlined by [18] . Because these analyses are sensitive to differences in sample sizes between the populations, diversity was assessed on rarefied sub-samples of the data. For a comparison of diversity between lineages, 128 isolates were included in the analysis. For a comparison of diversity across sites, the sample sizes were rarefied to 10 isolates.
Analysis of molecular variance (AMOVA) was used to compare the genetic variation within and between the levels of the population hierarchy. Estimates of φ were used to infer gene flow and population differentiation [19] . For these analyses, clone-correction was used to remove repeated MLGs. Statistical significance was assessed with randomization tests with 999 permutations.
The unweighted pair group method with arithmetic means (UPGMA) algorithm was used to construct dendrograms. Their associated bootstrap statistics were calculated using Poppr 2.0.2 and dendrograms were visualized with FigTree version 1.4.2 [20] . UPGMA method groups organisms together based on genetic distance determined by the similarity of their multilocus genotypes. An analysis of branching patterns and clustering allowed for the inference of population structure. For the assessments of population structure and lineage membership, all of the 482 isolates were used to construct a bootstrapped UPGMA dendrogram. For analyses of genetic clustering among isolates at smaller spatial scales, dendrograms were constructed with random samples of 100 isolates from a clone-corrected data set. For bootstrapping, 1000 replicate trees were sampled. Rogers' distance [21] , a Euclidean measure of genetic distance, was chosen for this analysis due to the fact that it does not rely upon assumptions that the microsatellite loci evolve by the stepwise mutation model.
Mantel's test, an estimate of spatial autocorrelation, was performed to test for correlations between geographic distance and genetic distance. A matrix of genetic distances between populations, calculated according to [21] , was compared to a matrix of Euclidean distances between the geographic coordinates of each of the sampling sites. A randomization test was performed in which the data were permuted 999 times to obtain a p-value.
Results and Discussion

Richness and Diversity
All 10 of the microsatellite loci employed in this study were polymorphic. The number of alleles at each locus ranged from 13 to 53. Of the 482 isolates included in the analyses, a total of 454 unique MLGs were identified (Table 1) . A total of 354 multilocus genotypes (MLGs) were consistent with those previously described as Lineage 1, and 128 were consistent with previous descriptions of Lineage 2 [9] . Genotypic diversity indices, including Shannon-Wiener, Stoddart and Taylor's, and Simpson's, were significantly greater for Lineage 1 than Lineage 2 ( Table 2) . Comparisons of genotypic diversity in rarefied samples of 10 isolates from each site revealed a general geographic trend of diversity increasing from west to east at the latitude of Tillamook, Oregon (Figure 2A ). The site with the least genotypic diversity was the westernmost site, T-02, while the greatest occurred at site T25-2, approximately 50 km east of T-02. This increase in genetic diversity coincided with an increasing proportion of Lineage 1 isolates in sites east of Tillamook (Table 1 , Figures 2A and 3) . The high genetic diversity within Lineage 1 suggests that it is native to the eastern Coast Range, where it is most abundant and diverse, as suggested in [8] . A comparison of genotypic diversity between 10 isolates of each lineage revealed that Lineage 1 is significantly more diverse than Lineage 2 (Table 2, Figure 2B ). 
Phylogeography
The two lineages were recovered in varying proportions across the 14 study sites (Figure 3 ). Lineage 1 was recovered from all sites and comprised 26%-100% of total isolates at any given site; Lineage 2 comprised 0%-74% of isolates at the site level (Table 1) . Lineage 2 was most abundant at sites within 16 km inland near Tillamook, Oregon, with decreasing abundance along this latitudinal transect to the east. All but one of the 158 isolates analyzed from sites T25-2 and T25-3 (~50 km inland from Tillamook, OR, USA) were determined to belong to Lineage 1 ( Figure 3 , Table 1 ). The same geographic trend did not occur further south, as the F25-2 site (~50 km inland from Florence, OR, USA) comprised approximately 32% Lineage 2. The two sites in southwestern Washington, DNRL25-2 and DNRS25-2 (~50 km inland), comprised 24% and 21% Lineage 2, respectively. 
The two lineages were recovered in varying proportions across the 14 study sites (Figure 3 ). Lineage 1 was recovered from all sites and comprised 26%-100% of total isolates at any given site; Lineage 2 comprised 0%-74% of isolates at the site level (Table 1) . Lineage 2 was most abundant at sites within 16 km inland near Tillamook, Oregon, with decreasing abundance along this latitudinal transect to the east. All but one of the 158 isolates analyzed from sites T25-2 and T25-3 (~50 km inland from Tillamook, OR, USA) were determined to belong to Lineage 1 ( Figure 3 , Table 1 ). The same geographic trend did not occur further south, as the F25-2 site (~50 km inland from Florence, OR, USA) comprised approximately 32% Lineage 2. The two sites in southwestern Washington, DNRL25-2 and DNRS25-2 (~50 km inland), comprised 24% and 21% Lineage 2, respectively. The primary focus of this investigation was to correlate lineage phylogeography with disease distribution. In this case, climate (i.e., temperature and precipitation gradients) may be an important factor influencing the different distribution patterns of the two lineages across the landscape. There is strong evidence that climatic variables such as winter temperature and precipitation in the spring and early summer influence the abundance of P. gaeumannii, and thus disease [22] [23] [24] [25] [26] . The western Oregon Coast Range is particularly suited to support abundant populations of P. gaeumannii because it receives greater spring precipitation, and has generally milder winter, and cooler summer, temperatures than the rest of the region. The observed distribution of the lineages observed in this study and others [8, 22] , may be strongly influenced by seasonal temperatures. Trends in phylogeography also suggest that environmental conditions may limit the distribution of Lineage 2 relative to Lineage 1. One explanation may be that Lineage 2 is better adapted to warmer winter The primary focus of this investigation was to correlate lineage phylogeography with disease distribution. In this case, climate (i.e., temperature and precipitation gradients) may be an important factor influencing the different distribution patterns of the two lineages across the landscape. There is strong evidence that climatic variables such as winter temperature and precipitation in the spring and early summer influence the abundance of P. gaeumannii, and thus disease [22] [23] [24] [25] [26] . The western Oregon Coast Range is particularly suited to support abundant populations of P. gaeumannii because it receives greater spring precipitation, and has generally milder winter, and cooler summer, temperatures than the rest of the region. The observed distribution of the lineages observed in this study and others [8, 22] , may be strongly influenced by seasonal temperatures. Trends in phylogeography also suggest that environmental conditions may limit the distribution of Lineage 2 relative to Lineage 1. One explanation may be that Lineage 2 is better adapted to warmer winter temperatures and thus is limited by colder winter temperatures to the east. Conditions in the northern Oregon Coast Range may have become particularly suitable for the growth and proliferation of P. gaeumannii and SNC in recent decades due to the effects of climate change [22, 24] as well as forest practices favoring increased abundance of Douglas-fir relative to other species [2] . Both favorable environmental conditions and abundance of a susceptible host may have contributed to a recent expansion or migration of Lineage 2 into this region from coastal areas in southern Oregon where it appears to be more dominant.
It is important to note that there does not appear to be a particularly high incidence or severity of SNC at sites near the southern coast of Oregon [8] where Lineage 2 was most abundant in the analysis in [5] . Furthermore, where Lineage 1 dominates in Douglas-fir forests further inland, SNC severity is generally low or moderate. These trends, and the findings of the present study in which sites in the region known to have the greatest severity of SNC disease were found to have a combination of the two lineages, suggest that some synergistic effect or competitive interaction may be occurring between the two lineages. While the occurrence of hybridization between the two lineages may be possible (a lack of somatic compatibility has yet to be demonstrated) it is considered unlikely, given the strong differentiation and low rates of gene flow between the lineages found in this study. Phylogenetic studies that utilized nucleotide sequence data [7] also suggested that the lineages might be reproductively isolated from one another, thus making interbreeding and hybridization improbable. An alternative explanation for the relationship between disease severity and lineage coincidence may be that a recent emergence of more aggressive races of P. gaeumannii has occurred in this region. While this has been proposed as a potential explanation for the recent disease outbreak, direct assessments of aggressiveness among strains collected from sites varying in disease severity have proven inconclusive [8] 
Population Structure and Differentiation
The existence of two lineages of P. gaeumannii was first posited by Winton [8] on the basis of SSCP genotypes. Their differentiation was also supported by mutlilocus gene genealogies of highly conserved nuclear housekeeping genes [7] . While it appears that the two lineages are distinct subpopulations that coexist in relatively close spatial proximity, reproductive isolation between them has yet to be definitively demonstrated. A comparison of genetic variation within and between two levels of the population hierarchy, lineage and site, revealed significant subpopulation differentiation. Most of the genetic variance in the total sample population could be attributed to within-tree variation (61.8%, Table 3 ). Between-lineage variation accounted for 22.7% of the total, sampling site accounted for 4.7%, and the remaining variation (10.8%) occurred due to variation among trees within sites (Table 3 ). The φ statistic provides an estimate of population differentiation and gene flow among the various levels of the population hierarchy. Values of φ in the range of 0.15 to 0.25 reflect a high degree of differentiation, and are generally the result of low gene flow [27] . While the two lineages were highly differentiated (φ LT = 0.227, p = 0.001), sites were only slightly differentiated from one another within lineages (φ SL = 0.061, p = 0.001). Subpopulations of P. gaeumannii within individual trees also appear to be significantly differentiated from one another, suggesting a local establishment of infection from inoculum within the same tree (φ TS = 0.148, p = 0.001) ( Table 3 ). The fact that lineages are highly differentiated suggests that they may be reproductively isolated due to behavioral differences or genetic incompatibilities. While φ LT theoretically should be close to 1 if there is complete reproductive isolation, it is quite rare to observe F-statistics or their analogs approaching 1, even among populations that are thought to be reproductively isolated [27] . Whether the observed within-lineage variance reflects the actual rate of gene flow and admixture, or is an artifact of a recent divergence of the lineages, is not entirely clear. Since microsatellites have very high rates of mutation, it is also possible that the apparent admixture between lineages may be due to the convergence of isolates from each lineage upon the same alleles at some microsatellite loci through random mutation (homoplasy).
When all samples were displayed on a UPGMA dendrogram based on Rogers'genetic distance [21] the basal branches split the 482 isolates into two discrete sub-population groupings that corresponded to previously identified lineages [9] (Figure 4) . The divergence between these groups was statistically supported by a bootstrap value of 100% for 1000 replicate trees. The grouping of isolates was used to infer relatedness at various levels of the population hierarchy. For example, isolates from the same tree within a site clustered together with relatively high bootstrap support in many cases. In a UPGMA dendrogram produced from a random subsample of 100 individuals, single-spore isolates 5 and 6, isolated from tree 701 at site T-03, clustered together in 99.5% of replicate trees ( Figure 5A ). On an adjacent branch, isolates from two different trees, 1744 and 1752 at site T5-5, clustered together in 69.4% of replicate trees ( Figure 5B ). There is little statistical support for genotypic similarity between isolates from trees at different sites. For example, isolates from sites that are 15 miles (24 km) apart, T-01 and T15-1, only clustered together in 53.7% of replicate trees ( Figure 5C ). From the UPGMA analyses, it is clear that individuals from the same trees generally have very similar genotypes, suggesting a high level of relatedness and local dispersal. As the spatial distance between samples increases, the genetic similarity of corresponding isolates decreases. For instance, isolates that clustered together in the UPGMA analyses that came from the same trees had greater bootstrap support for their close genetic similarity than those that came from different trees within the same site, while there was little statistical support for clustering among isolates from more distant sites. This suggests that some degree of isolation by distance (IBD) exists, even though the Mantel test did not indicate a significant relationship between geographic distance and genetic distance (R 2 = 0.088, p = 0.271). Figure 4. Unweighted pair-group method using arithmetic means (UPGMA) dendrogram showing clustering among the 482 P. gaeumannii isolates due to genotypic similarity. The basal node label represents the bootstrap statistic from 1000 replicate trees. Genetic distance was calculated according to Rogers (1972) .
Figure 4.
Unweighted pair-group method using arithmetic means (UPGMA) dendrogram showing clustering among the 482 P. gaeumannii isolates due to genotypic similarity. The basal node label represents the bootstrap statistic from 1000 replicate trees. Genetic distance was calculated according to Rogers (1972) .
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Figure 5. Unweighted pair-group method using arithmetic means (UPGMA) dendrogram constructed using 100 randomly selected P. gaeumannii isolates from the clone-censored data set. Node labels represent bootstrap statistics from 1000 replicate trees. Genetic distance was calculated according to Rogers (1972) . (A) An example of clustering between two isolates from the same tree (701) at site T-03; (B) An example of clustering between two isolates from different trees (1752, 1744) at the same site (T5-5); (C) Clustering between two isolates from trees at two different sites (T15-1 and T-01).
Conclusion
While the relative aggressiveness of the two lineages is not known, the results of this study seem to support previous findings that suggest that P. gaeumannii lineage abundance and distribution is determined by winter temperature and precipitation. These findings are significant Figure 5 . Unweighted pair-group method using arithmetic means (UPGMA) dendrogram constructed using 100 randomly selected P. gaeumannii isolates from the clone-censored data set. Node labels represent bootstrap statistics from 1000 replicate trees. Genetic distance was calculated according to Rogers (1972) . (A) An example of clustering between two isolates from the same tree (701) at site T-03; (B) An example of clustering between two isolates from different trees (1752, 1744) at the same site (T5-5); (C) Clustering between two isolates from trees at two different sites (T15-1 and T-01).
While the relative aggressiveness of the two lineages is not known, the results of this study seem to support previous findings that suggest that P. gaeumannii lineage abundance and distribution is determined by winter temperature and precipitation. These findings are significant due to the fact that disease severity is determined primarily by pathogen abundance. The distribution of Lineage 2 is restricted to the western Coast Range in northern Oregon, and is virtually absent from Douglas-fir forests and plantations in the northeastern Coast Range. This distribution appears to be correlated with SNC disease severity assessed by annual aerial surveys. Sites where the two lineages occur in sympatric local populations are located within 50 km of the coast and exhibit the most severe SNC symptoms. The genetic structure of the P. gaeumannii populations included in this study supports reproductive isolation, as there is strong differentiation between lineages. Populations of this fungus are not structured geographically, and genetic differentiation among sites is weak suggesting high rates of gene flow. Information about the population structure of this fungus should be used to improve predictive models and management strategies used in the control of this disease and the mitigation of its impacts in Douglas-fir silviculture.
Future studies in this pathosystem should focus on direct assessments of aggressiveness among isolates from the two lineages, and also among isolates collected from sites with varying degrees of disease severity, through inoculation trials. It is also of interest to further pursue molecular and genomic studies to learn more about the phylogenetic relationship between the two lineages. Whether they could be considered separate species cannot be determined using markers such as microsatellites. Finer resolution population genomic studies as well as comparative genomics could potentially provide answers to these questions. These investigations could provide insight into the evolutionary implications of sympatric speciation in fungi.
